Hepatic steatosis is present in insulin-resistant obese rodents and is concomitant with active lipogenesis. Hepatic lipogenesis depends on the insulin-induced activation of the transcription factor SREBP-1c. Despite prevailing insulin resistance, SREBP-1c is activated in the livers of genetically and diet-induced obese rodents. Recent studies have reported the presence of an ER stress response in the livers of obese ob/ob mice. To assess whether ER stress promotes SREBP-1c activation and thus contributes to lipogenesis, we overexpressed the chaperone glucose-regulated protein 78 (GRP78) in the livers of ob/ob mice using an adenoviral vector. GRP78 overexpression reduced ER stress markers and inhibited SREBP-1c cleavage and the expression of SREBP-1c and SREBP-2 target genes. Furthermore, hepatic triglyceride and cholesterol contents were reduced, and insulin sensitivity improved, in GRP78-injected mice. These metabolic improvements were likely mediated by restoration of IRS-2 expression and tyrosine phosphorylation. Interestingly, GRP78 overexpression also inhibited insulin-induced SREBP-1c cleavage in cultured primary hepatocytes. These findings demonstrate that GRP78 inhibits both insulin-dependent and ER stress-dependent SREBP-1c proteolytic cleavage and explain the role of ER stress in hepatic steatosis in obese rodents.
Introduction
Nonalcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases. In Western societies, NAFLD is clearly associated with the features of the metabolic syndrome, including obesity, type 2 diabetes, hypertension, and dyslipidemia. Hepatic steatosis is considered the first stage leading to more severe complications, such as steatohepatitis, cirrhosis, and hepatocellular carcinoma. Moreover, hepatic fat accumulation is associated with the development of hepatic insulin resistance, characterized by increased hepatic glucose production leading to fasting hyperglycemia.
Recent studies in humans pointed out the important role of de novo lipogenesis in the excessive accumulation of triglycerides in the livers of patients with NAFLD, since one-third of total triglycerides might originate from this pathway (1) . In addition, hepatic lipogenesis can also contribute to lipid accumulation by reducing fatty acid oxidation, as malonyl-CoA, generated in the lipogenic pathway, is a potent inhibitor of carnitine palmitoyl transferase I. Lipogenesis is highly dependent on nutritional conditions for its activation; it is induced by high-carbohydrate feeding and inhibited by fasting. SREBP-1c, a member of the SREBP family of transcription factors, and carbohydrate response elementbinding protein (ChREBP) have emerged as transcription factors involved in the transcriptional effects of insulin and glucose, respectively, on lipogenic gene expression in the liver (2, 3) . Activation of SREBP-1c by insulin during carbohydrate feeding involves 2 mechanisms: activation of SREBP-1c transcription and increase in proteolytic cleavage of the SREBP-1c precursor form embedded in the membranes of the ER (4) (5) (6) . Within the ER membranes, the inactive SREBP proteins are associated with 2 essential proteins that take part in the control of the cleavage process: SREBP cleavage-activating protein (SCAP) and insulin-induced gene (Insig). SCAP interacts on the one hand with newly synthesized SREBP precursor and on the other hand with Insig, which functions as a retention protein of the SCAP/SREBP complex into the ER (7, 8) .
In the presence of specific signals such as insulin, SCAP dissociates from Insig and escorts SREBPs in coatomer protein II (COPII) vesicles from the ER to the Golgi apparatus, where SREBPs are proteolytically processed to yield the transcriptionally active form. Once released, the SREBP mature transcription factors can enter into the nucleus and, for the SREBP-1c mature isoform, activate the expression of lipogenic genes. The critical role of SREBP-1c in lipogenesis is emphasized in loss- and gain-of-function studies in vitro and in vivo. Hepatocytes or mice overexpressing an active form of SREBP-1c develop steatosis as a result of activation of the entire lipogenic program (9) (10) (11) . In contrast, mice invalidated for hepatic SREBP-1c fail to induce lipogenic enzyme expression in response to fasting and refeeding (12) .
Although highly dependent on insulin for its activation, lipogenesis is paradoxically very active in the livers of obese rodents such as ob/ob mice, which are characterized by severe hepatic insulin resistance resulting in glucose overproduction and hyperglyce-mia. Moreover, accumulation of nuclear SREBP-1c is detected in the livers of these animals (13) . The failure of insulin to suppress gluconeogenesis while lipogenesis is still activated could reflect a differential sensitivity of these pathways to insulin. It was proposed that decreased IRS-2 content caused by hyperinsulinemia could account for the resistance to insulin-mediated repression of gluconeogenic genes (14) and that insulin could still activate lipogenic genes by IRS-1 or by another route (14) . However, IRS tyrosine phosphorylation in the livers of ob/ob mice decreases for both IRS-1 and IRS-2 (15, 16) . Thus the marked activation of SREBP-1c in the ob/ob mouse liver cannot be explained by stimulated activity of insulin signaling.
Recent studies have demonstrated the presence of an unfolded protein response (UPR) in the liver and adipose tissue of insulin-resistant rodents, which, when counteracted, improves the insulin resistance of these animals (17) (18) (19) (20) . Secreted and transmembrane proteins are folded in the ER, and the role of the UPR is to dynamically adjust the protein folding capacity to the cell requirements. Thus, any event that can disturb ER folding capacity, such as a load of unfolded proteins or altered redox state, calcium equilibrium, or glycosylation potential, will induce a UPR. The UPR is mediated by 3 transducer proteins that are integral membrane proteins of the ER: inositol-requiring kinase-1 (IRE1), an inositol-requiring kinase with endonuclease activity; activating transcription factor 6 (ATF6), a transcription factor that, like SREBP-1c and SREBP-2, is activated by proteolytic cleavage in the Golgi; and protein kinase RNA-like ER kinase (PERK). Each of these effectors activates specific pathways allowing for increased ER folding capacity, decreased protein folding load, induced degradation of misfolded proteins, and, ultimately, induced cell death (21, 22) . It has been shown previously that a UPR induced by homocysteine is able to activate SREBP-1c and to induce lipogenic gene expression (23) . We therefore reasoned that in the livers of obese insulin-resistant animals, an ER stress, by inducing SREBP-1c cleavage, could be an alternative explanation for the ongoing lipid synthesis.
In the present study, we showed that SREBP-1c cleavage was induced by the ER stress pathway independently of insulin. We also demonstrated that attenuation of ER stress by molecular chaperones in livers of ob/ob mice slowed down lipogenesis by inhibiting SREBP-1c proteolytic cleavage and thus improved steatosis and insulin sensitivity of these animals. Finally, we showed that insulin-induced SREBP cleavage was inhibited by overexpression of the chaperone glucose-regulated protein 78 (GRP78) and that the SREBP-1c complex was able to bind GRP78. Our results indicate that ER stress is a major component of the hepatic steatosis and insulin resistance observed in obese insulin-resistant rodents.
Results
The mature form of SREBP-1c and proteins of the UPR pathway are coinduced in the livers of insulin-resistant obese rodents. We and others have previously shown that SREBP-1c is highly dependent on insulin for its expression and maturation in the liver. Insulin stimulates both SREBP-1c transcription and proteolytic cleavage in hepatocytes (4-6). Intriguingly, it was observed that the nuclear form of SREBP-1c is highly abundant in livers of ob/ob (lacking leptin secretion) and aP2-SREBP-1c lipodystrophic mice, models characterized by severe hepatic insulin resistance and steatosis (13) . Here, we confirmed this finding in ob/ob mice ( Figure 1A ) and established that this was the case in obese insulin-resistant Zucker fa/fa rats, which lack the leptin receptor (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI37007DS1). In these animals, the expression of SREBP-1c target genes, including fatty acid synthase (FAS; Figure  1A ) and many glycolytic and lipogenic enzymes (data not shown),
Figure 1
Expression of SREBP-1c and Insig proteins, SREBP-1c target genes, and ER stress markers in ob/+ and ob/ob mouse livers. Livers from 8-wk-old mice were used to prepare nuclear extracts, microsomes, and total RNA. (A) Immunoblot analysis of the precursor form (p-) and nuclear (n-) SREBP-1c as well as lamin A/C from ob/+ and ob/ob mice. Quantification by qRT-PCR of SREBP-1c and FAS mRNA in the liver is shown at right. (B) Immunoblot analysis of Insig-1, Insig-2, and SCAP proteins. Quantification of Insig-1 and Insig-2a (liver specific) mRNA levels by qRT-PCR is shown at right. (C) Immunoblot analysis of nuclear XBP-1 in nuclear extracts. Quantification of GRP78, ATF4, TRB3, and EDEM mRNA levels by qRT-PCR is shown at right. Results are mean ± SEM (n = 4-5 per group). **P < 0.01, ***P < 0.001 versus ob/+.
were robustly stimulated. The mRNA and the precursor form of SREBP-1c also increased in the livers of these animals, suggesting that the enhanced proteolytic cleavage of the precursor is compensated for by stimulated SREBP-1c transcription. This can be related to a feed-forward mechanism, because the SREBP-1c promoter is a target of active SREBP-1c itself (24, 25) .
Among the partners involved in SREBP processing, Insig-1 and Insig-2 proteins have been identified as proteins that promote SREBP retention in the ER through their interaction with SCAP, thus preventing SREBP-SCAP complex translocation to the Golgi apparatus for proteolytic processing (26) . Insig-1 is transcriptionally induced by insulin and depends on nuclear SREBP-1c for its expression (27) . Conversely, in the liver, Insig-2 is selectively downregulated by insulin and is independent of SREBP-1c for its expression (27) . Insig mRNAs and protein contents were analyzed in the livers of lean ob/+ and ob/ob mice ( Figure 1B ). Insig-2 mRNA and protein increased in ob/ob compared with ob/+ mice, indicating that in these animals, insulin fails to inhibit Insig-2 expression. Insig-1 mRNA increased in the livers of ob/ob compared with ob/+ mice, in agreement with the accumulation of nuclear SREBP-1c. Surprisingly, despite this increase, Insig-1 proteins were undetectable in the livers of ob/ob mice, suggesting that Insig-1 is not translated or is degraded. In contrast to the changes observed for Insig proteins, the expression of SCAP, another partner of the SREBP processing complex, was not modified in the livers of ob/ob mice ( Figure 1B) .
Because activation of the ER stress pathway has previously been reported in the livers and adipose tissue of obese animals (17), we assessed whether ER stress is induced in our animal models. As shown in Figure 1C and Supplemental Figure 1 , concomitantly to the activation of SREBP-1c, we observed activation of proteins of the UPR pathway in the livers of obese rodents. X box-binding protein-1 (XBP-1) nuclear protein content was highly increased in the livers of obese compared with lean animals, indicating that the IRE1 branch of the UPR pathway was activated ( Figure 1C) . Moreover, GRP78, ATF4, TRB3, and EDEM mRNA, induced in response to the activation of ATF6 and PERK, were increased in the livers of obese animals. Because it was previously shown that SREBP-1c is activated by homocysteine-induced ER stress in the liver (23), we hypothesized that activation of the UPR pathway in the livers of insulin-resistant rodents might account for the activation of SREBP-1c processing observed in these animals.
SREBP-1c proteolytic cleavage and SREBP-1c target genes are induced by ER stress in cultured hepatocytes. We sought to determine in cultured rat hepatocytes whether cleavage of the SREBP-1c precursor in the presence of ER stress is a generalized feature or whether it is restricted to homocysteine-induced ER stress. ER stress was thus induced by various compounds: thapsigargin, tunicamycin, DTT, and homocysteine. Thapsigargin modifies Ca 2+ concentration in the ER lumen by inhibiting Ca 2+ ATPase. Tunicamycin, DTT, and homocysteine lead to accumulation of proteins into the lumen of the ER by inhibiting protein glycosylation or the formation of disulfide bridges. We first verified that these compounds trigger an UPR activation in our culture conditions. As shown in Figure 2A Figure 2B ). Although we cannot totally rule out stabilization of the mature form of SREBP-1c in the presence of ER stress inducers, these observations suggest that UPR activation induces proteolytic cleavage of SREBP-1c in vitro. We next analyzed the consequences of SREBP-1c activation on the expression of SREBP-1c target genes glucokinase (GK) and lipogenesis-related genes. Hepatocytes were cultured for 1, 3, 6, and 9 h in medium containing 25 mM glucose in the presence of thapsigargin or insulin. We found a high glucose concentration to be necessary to fully induce lipogenic transcripts through the activation of the glucose-responsive transcription factor ChREBP (see below). We studied expression of GK, a gene known to be induced by insulin through SREBP-1c action (6, 28) . A marked increase in GK expression was observed in hepatocytes treated with thapsigargin ( Figure 2C ) or other ER stress inducers (data not shown), an effect close to that of insulin ( Figure  2C ). This increased GK expression is important, because an increase in glucose flux through GK will induce the generation of a metabolite necessary for the activation of the transcription factor ChREBP through its nuclear translocation (29) . Thapsigargin in the presence of a high glucose concentration induced a marked increased in the nuclear concentration of ChREBP, an effect similar to that of insulin ( Figure 2C ). Lipogenic enzyme expression is dependent on the concomitant activation of SREBP-1c and ChREBP (30, 31) . An increase in the expression of FAS and stearoyl-CoA desaturase 1 (SCD1) was thus logically observed in hepatocytes treated with thapsigargin ( Figure 2D ) or with other ER stress inducers (data not shown); the effect was comparable to that observed in the presence of insulin.
ER stress-induced SREBP-1c cleavage is reduced in vitro by overexpression of GRP78. If ER stress is indeed responsible for the overexpres-
sion of nuclear SREBP-1c observed in the livers of insulin-resistant rodents, then a reduction of ER stress in the livers of ob/ob mice should reduce SREBP-1c processing, lipogenic gene expression, and hepatic steatosis. One of the key events in the activation of ER stress is the dissociation of the chaperone GRP78 from the luminal part of the ER integral membrane proteins: PERK, IRE1, and ATF6. It has previously been reported that supplementation with chaperones such as GRP78 or oxygen-related protein 150 (ORP150) is sufficient to prevent the activation of PERK, IRE1, and ATF6 and to limit ER stress (32) . We thus counteracted ER stress in vivo by overexpressing GRP78 using an adenoviral vector. The efficiency of this procedure was first tested in cultured rat hepatocytes. Cultured hepatocytes were infected for 24 h with an adenovirus encoding human GRP78 and a control adenovirus encoding β-gal (referred to herein as Ad GRP78 and Ad β-gal, respectively), and ER stress was induced for 1 h by the addition of thapsigargin. As shown in Figure 3A , thapsigargin induced the splicing of XBP-1 mRNA and the phosphorylation of PERK, both of which were strongly reduced by overexpression of GRP78, demonstrating that GRP78 is effective to reduce ER stress in vitro. We next studied the consequences of GRP78 overexpression on SREBP-1c proteolytic cleavage induced by thapsigargin in cultured hepatocytes. As shown in Figure 3B and Figure 2 , 1 h
Figure 3
Effect of GRP78 overexpression on thapsigargin-induced ER stress and SREBP-1c proteolytic cleavage in cultured rat hepatocytes. After a 24-h period of infection with Ad GRP78 or Ad β-gal, cultured hepatocytes were changed to a fresh M199 medium containing 10 μM TO-901317 for 6 h, then treated for 1 h with 300 nM thapsigargin or control DMSO. (A) Total RNA from triplicate plates of hepatocytes were extracted and analyzed for unspliced and spliced forms of XBP-1 mRNA by RT-PCR. The phosphorylation state of PERK in total lysates of hepatocytes was analyzed by Western blot. (B) Immunoblot of SREBP-1c in hepatic microsomal membranes and nuclear extracts and immunoblot of GRP78 measured in the microsomal fraction. Results are representative of 3 independent experiments with different preparations of hepatocytes. 
In vivo overexpression of GRP78 reduces ER stress, SREBP-1c and SREBP-2 target genes, and steatosis in ob/ob mouse liver. Having estab-
lished in vitro the efficiency of GRP78 overexpression to reduce ER stress, we next determined whether GRP78 effectively reduces ER stress and SREBP-1c proteolytic cleavage in vivo in the ob/ob mouse liver. We injected ob/+ and ob/ob mice with Ad β-gal control or Ad GRP78 and analyzed them 72 h later in the fed state. Food intake and body weight were not altered in Ad GRP78-injected mice ( Table 1) . As shown previously (11) , the delivery of adenovirus was liver specific, because the expression of β-gal was undetectable in tissues other than liver (data not shown). We also verified that GRP78 overexpression did not induce inflammation in the liver by measuring expression of the cytokines IL-6 and TNF-α, which in fact decreased ( Figure 4A ). Plasma alanine aminotransferase and aspartate aminotransferase were not modified in Ad GRP78-injected mice (data not shown). We next analyzed whether Ad GRP78 effectively reduces ER stress markers in the ob/ob mouse liver. As shown in Figure 4B , the mature nuclear forms of the UPR transcription factors ATF6 and XBP-1 accumulated in the livers of ob/ob compared with ob/+ mice. In contrast, the amount of ATF6 precursor was reduced in the livers of ob/ob compared with ob/+ mice, showing that ATF6 was processed in ob/ob mice. Adenovirally mediated expression of GRP78 caused a major increase in the protein content of GRP78 in ob/+ and ob/ob mice and a strong decrease in ATF6 and XBP nuclear forms in ob/ob mice ( Figure 4B ), demonstrating that ER stress was reduced in the livers of these animals. We also analyzed the consequences of ER stress inhibition on SREBP-1c mRNA and proteins levels in ob/+ and ob/ob mouse liver. The overexpression of GRP78 resulted in a near-complete disappearance of nuclear SREBP-1c in ob/ob mice ( Figure 5A ). A similar reduction was observed in ob/+ animals, although less marked than that in ob/ob mice. As a consequence of nuclear SREBP-1c decrease in the livers of Ad GRP78-injected mice, the SREBP-1c precursor ( Figure 5A ) and SREBP-1c mRNA ( Figure 5B) were also strongly reduced. As previously stated, this might be explained by the fact that SREBP-1c participates in the control of its own transcription (24, 25) . ChREBP nuclear content ( Figure 5A ) and ChREBP mRNA ( Figure 5B) were also strongly diminished by GRP78 overexpression in the liver. This might result from the fact that the generation of a glucose metabolite necessary for the activation of ChREBP was reduced secondary to decreased expression of GK, a direct SREBP-1c target gene ( Figure  6A ). As a consequence of the fall in hepatic SREBP-1c and ChREBP nuclear forms in Ad GRP78-injected ob/ob mice, the levels of FAS, SCD1, and malic enzyme mRNA, target genes of SREBP-1c and ChREBP, were strongly reduced to levels observed in ob/+ mice ( Figure 6A ). The decrease in lipogenic gene expression in the livers
Figure 4
Expression of cytokines and ER stress markers in the livers of ob/+ and ob/ob mice injected with Ad GRP78 or Ad β-gal. Mice were injected with the indicated adenoviruses and sacrificed in the fed state 72 h later. (A) Total RNA was extracted and analyzed for IL-6 and TNF-α mRNA by qRT-PCR. *P < 0.05, **P < 0.01 versus respective ob/+ value; # P < 0.05 versus respective Ad β-gal value. (B) Microsomal membranes and nuclear extracts were prepared and analyzed by Western blot for the expression of precursor and nuclear ATF6, nuclear XBP-1, and microsomal GRP78. Each lane represents a different animal. Results are representative of 3 independent experiments.
Figure 5
SREBP-1c and ChREBP protein levels and mRNA in the livers of ob/+ and ob/ob mice overexpressing GRP78. Mice were injected with Ad β-gal or Ad GRP78, and livers were collected in the fed state 72 h later for the preparation of microsomal membranes, nuclear extracts, and isolation of total RNA. (A) Analysis of SREBP-1c precursor, nuclear SREBP-1c, nuclear ChREBP, and lamin A/C by Western blot. (B) Relative levels of SREBP-1c and ChREBP mRNA measured by qRT-PCR. Results are mean ± SEM (n = 5-6 per group). **P < 0.01 versus respective ob/+ value; ## P < 0.01, ### P < 0.001 versus respective Ad β-gal value.
of Ad GRP78-treated ob/ob mice prompted us to analyze the consequences on liver and serum triglycerides. Liver staining revealed large lipid droplets in ob/ob compared with ob/+ mice ( Figure 6B ). The overexpression of GRP78 considerably decreased the size and number of lipid droplets in ob/ob mouse livers ( Figure 6B ). This was associated with a decrease in hepatic triglyceride content, liver weight, and plasma triglyceride concentration (Table 1) .
Because effects of ER stress have also been described for the SREBP-2 protein (33), a SREBP isoform activated by cholesterol depletion, we analyzed the consequences of GRP78 overexpression on SREBP-2 target genes. The expression of genes involved in cholesterol and isoprenoid metabolism (hydroxymethylglutaryl-CoA reductase, hydroxymethylglutaryl-CoA synthase, farnesyl diphosphatase, and squalene synthase) and cholesterol uptake (LDL receptor) were increased in livers of ob/ob compared with ob/+ mice (Figure 7) , which indicates that SREBP-2 is activated. SREBP-2 expression was itself higher in ob/ob compared with ob/+ mice. Liver overexpression of GRP78 strongly reduced the mRNA levels of SREBP-2 and its target genes to values found in ob/+ mice, suggesting that SREBP-2 processing is also blunted in the livers of mice expressing GRP78 (Figure 7) . Despite several attempts, we could not detect the SREBP-2 protein in these experiments. The liver content in total cholesterol was strongly reduced in GRP78 ob/ob mice, whereas no modification of plasma cholesterol concentration was observed (Table 1) . Together, these results showed that overexpression of GRP78 leads to a clear improvement of hepatic steatosis and dyslipidemia in ob/ob mice.
Hepatic overexpression of GRP78 improves liver insulin signaling and insulin sensitivity in ob/ob mice. Because a reduction in hepatic steatosis has often been associated with improved hepatic insulin sensitivity (34, 35) , we analyzed the effects of GRP78 overexpression on liver insulin signaling. Whereas we found the IRS-1 protein content to be mildly affected and its mRNA level even increased in ob/ob compared with ob/+ mice ( Figure 8A ), IRS-2 mRNA and protein contents were lower ( Figure 8B ), as previously described (14, 16) . IRS-1 and IRS-2 phosphorylation on tyrosine residues was similar when expressed per unit of IRS protein in fed ob/ob and ob/+ mice ( Figure 8, C and D) . This occurred despite the huge increase in plasma insulin concentration in ob/ob compared with ob/+ mice (Table 1) , indicating an impaired signaling process in the former. This could be secondary to increased serine phosphorylation on IRS proteins, as we observed here for IRS-1 ( Figure 8E ). In turn, this could be the consequence of increased JNK activity in ob/ob mice ( Figure 8F ), as shown previously by other groups (36, 37) . Levels of the IRS-1-associated p85 subunit of PI3K were similar in fed ob/ob and ob/+ animals, but the IRS-2-associated p85 subunit of PI3K was strongly decreased in ob/ob compared with ob/+ mice (Figure 8, G and H) . These results confirmed an overall impairment of insulin signaling in fed ob/ob mice that was more marked for the IRS-2 branch, a likely consequence of the decreased IRS-2 protein content.
Counteracting ER stress in the livers of ob/ob mice leads to marked changes in the insulin signaling pathway. IRS-1 protein and mRNA content decreased in GRP78-treated ob/ob mice ( Figure  8A ), whereas IRS-2 protein and mRNA content markedly increased ( Figure 8B ) to a level comparable to that observed in ob/+ mice. IRS-1 and IRS-2 tyrosine phosphorylation per unit of IRS protein was stimulated (Figure 8, C and D) , and IRS-1 serine phosphorylation was reduced ( Figure 8E ), concomitantly with decreased phosphorylation of JNK ( Figure 8F ). This led to a reduction in the IRS-1-associated p85 subunit of PI3K ( Figure 8G ), but a huge increase in the IRS-2-associated p85 subunit of PI3K ( Figure 8H) . In ob/+ animals, GRP78 overexpression had minor effects, except for a large increase in IRS-1 mRNA. In summary, IRS-2-mediated insulin signaling was the main pathway improved by counteracting ER stress in obese animals.
Finally, we analyzed more distal steps of insulin signaling. Akt/PKB phosphorylation on both Thr308 and Ser473, which was strongly reduced in ob/ob compared with ob/+ mice, was upregulated by ER stress inhibition in ob/ob mice, whereas there were no marked effects of GRP78 overexpression in ob/+ mice ( Figure 9A ). FoxO1 is considered a key transcription factor in the control of gluconeogenesis in the liver, because it can stimulate the expression of key gluconeogenic enzymes such as phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) (38) . In the presence of insulin, FoxO1 is phosphorylated by PKB and then excluded from the nucleus (39) . The increase of PKB activity in livers of ob/ob GRP78-treated animals prompted us to analyze the consequences of hepatic ER stress inhibition on FoxO1 and gluconeogenic enzyme gene expression. As a result of the state of insulin resistance described above, FoxO1 phosphorylation decreased, and gene expression of PEPCK and G6Pase was upregulated, in livers of ob/ob compared with ob/+ mice ( Figure 9B ). In ob/ob mice treated with Ad GRP78, phosphorylation of FoxO1 increased, and expression of PEPCK and G6Pase was strongly reduced, whereas the effects in ob/+ mice were minor ( Figure 9B ), corroborating the improvement in hepatic insulin sensitivity.
We next analyzed whether a liver-specific reduction in ER stress that improves hepatic insulin signaling has detectable effects on glucose homeostasis and overall insulin sensitivity. Plasma glucose and insulin were strongly diminished in fed ob/ob mice injected SREBP-2 and SREBP-2 target gene expression in the livers of ob/+ and ob/ob mice overexpressing GRP78. Mice were injected with Ad β-gal or Ad GRP78, and livers were collected in the fed state 72 h later for the preparation of total RNA. Shown are relative levels of SREBP-2, hydroxymethylglutaryl-CoA reductase (HMG CoAR), LDL receptor (LDL-R), hydroxymethylglutarylCoA synthase (HMG CoAS), squalene synthase, and farnesyl 1,6 diphosphatase (Farnesyl 1,6 diP) mRNA measured by qRT-PCR. Results are mean ± SEM (n = 5-6 per group). ***P < 0.001 versus respective ob/+ value; # P < 0.05, ## P < 0.01, ### P < 0.001 versus respective Ad β-gal value.
with GRP78 compared with their controls ( Table 1 ), suggesting that their insulin sensitivity was improved. These differences were apparent 7 d after the Ad GRP78 injection (results not shown). In order to assess more precisely the improvement in insulin sensitivity, hyperinsulinemic-euglycemic clamp studies were performed. During clamp studies, hepatic glucose production was totally inhibited in ob/+ mice, whereas it was 22 mg/min/kg in ob/ob mice ( Figure 10A ). Glucose utilization was 40% lower in ob/ob mice (Figure 10B) . We also observed in ob/ob mice a 15-fold lower rate of glucose infusion, a clear index of their insulin resistance. Inhibition of ER stress by overexpression of GRP78 caused a 6-fold increase in ob/ob mice of the glucose infusion rate necessary to maintain euglycemia ( Figure 10C ). This was secondary to a 40% decrease in hepatic glucose production and a 60% increase in glucose utilization rate, which suggests that both liver and peripheral tissues have improved insulin sensitivity. There was no effect of GRP78 overexpression during clamp studies in ob/+ mice ( Figure 10) .
GRP78 overexpression and inhibition of SREBP-1c cleavage.
In order to analyze the mechanisms by which overexpression of GRP78 leads to reduced SREBP-1c cleavage, we studied the expression of Insig proteins. Both Insig-1 and Insig-2 mRNA contents were reduced by overexpression of GRP78 in ob/+ and ob/ob mice, leading to low protein concentrations (Figure 11) . Thus, the reduced activation of SREBP-1c - and probably SREBP-2 - could not be explained by increased expression of Insig proteins.
We were puzzled by the fact that in Ad GRP78-injected ob/ob mice, despite the improvement of insulin sensitivity and the stillhigh insulin concentrations compared with ob/+ mice (see Table 1 ), the expression of SREBP-1c and its usual target genes such as GK, FAS, and Insig-1 were lower than in ob/+ mice. This suggests that in mice overexpressing GRP78, the insulin-dependent SREBP-1c cleavage is blunted. One obvious explanation would be that insulin-induced SREBP-1c processing is inhibited by GRP78 overexpression. We thus tested this possibility in primary cultured hepatocytes. A crucial step in SREBP-1c processing is its transfer from the ER to the Golgi apparatus. In order to demonstrate that GRP78 does not induce a general inhibition of ER to Golgi transport, we measured the expression of the IR in cultured hepatocytes overexpressing GRP78. The IR is synthesized as a 190-kDa precursor in the ER and processed in the Golgi to yield 2 subunits of 135 and 95 kDa (the IR-α and IR-β subunits, respectively; ref. 40) , and its half-life has been estimated to be about 2 h. We found that the IR precursor did not accumulate in Ad GRP78-treated hepatocytes and that the concentration of the β subunit did not decrease, indicating that there is no general impairment of the ER to Golgi transport ( Figure 12A ).
Overexpression of GRP78 in cultured hepatocytes reduced both thapsigargin- and insulin-induced SREBP-1c cleavage, suggesting that this chaperone could be a common actor of ER stress and insulin-induced SREBP-1c cleavage ( Figure 12B ). An interesting possibility could be that GRP78 interacts with the SREBP-1c complex, as has been described for other membrane effectors (PERK, IRE1, and ATF6) of the UPR (21), keeping them in an inactivated state. As preliminary evidence for this possibility, we determined the ability of the SREBP-1c precursor complex to associate with GRP78 in the ob/+ mouse liver. Membranes of ob/+ livers were immunoprecipitated with an antibody against SREBP-1c, and immunoprecipitates were tested for the presence of GRP78. GRP78 was indeed coimmunoprecipitated ( Figure 12C ). Appropriate controls demonstrated that this association between SREBP-1c precursor complex and GRP78 was specific ( Figure 12C ). Interestingly, in liver membranes of ob/ob mice expressing amounts of SREBP-1c precursor roughly similar to those of ob/+ mice, coimmunoprecipitated GRP78 was much lower (Figure 12C ), which suggests that in these mice GRP78 is dissociated from the SREBP complex, a feature that fits with active SREBP-1c cleavage.
Discussion
The results of the present studies point to a potential role for GRP78 in the regulation of SREBP-1c cleavage induced by insulin or ER stress. They also demonstrate that the hepatic steatosis and lipid disorders present in obese insulin-resistant rodents are strongly related to the activation of hepatic ER stress through the processing of SREBP-1c and probably SREBP-2. In addition, ER stress could contribute to hepatic insulin resistance through both increased IRS serine phosphorylation and decreased IRS-2 expression.
ER stress and insulin resistance. The ob/ob mice are characterized by a strong decrease in the expression and insulin-induced tyrosine phosphorylation of IRS-2 and a lower decrease of IRS-1 expression and phosphorylation (ref. 16 and the present study). The decreased tyrosine phosphorylation status of IRS-1 and IRS-2 seems to be the consequence of the activation of JNK1 (36), a phenomenon that can be attributed to concomitant ER stress (ref. 17 and the present study). JNK1 in turn phosphorylates IRS proteins on serine residues, which reduces their tyrosine phosphorylation by the IR. In the livers of steatotic animals, PKC-e has also been associated with JNK1 in explaining hepatic insulin resistance (41) . It is now well established, as reinforced in the present study, that in addition to decreased tyrosine phosphorylation per IRS unit, IRS-2 expression is markedly decreased in the livers of obese insulin-resistant rodents. Previously, it was convincingly demonstrated that hyperinsulinemia per se could mimic the decreased IRS-2 expression (14) . We show here that in a situation of hyperinsulinemia, inhibition of ER stress reversed the decreased IRS-2 expression. This raises the interesting possibility that ER stress is a mediator of hyperinsulinemia for decreased IRS-2 expression; in other words, that insulin can induce ER stress. This could explain the prior observation that in refed rodents, markers of ER stress are increased (42) .
Distinct roles for IRS-1 and IRS-2 in hepatic metabolism have been described previously: IRS-2 is involved in the inhibitory effects of insulin on hepatic glucose production, particularly PEPCK and Shown are a representative blot and quantification of 3 independent injection series (n = 4-5 per group). *P < 0.05, **P < 0.01, ***P < 0.001 versus respective ob/+ value; # P < 0.05, ## P < 0.01, ### P < 0.001 versus respective Ad β-gal value.
G6Pase expression, whereas IRS-1 transduces the stimulatory effects of insulin on glucose-utilizing processes and particularly SREBP-1c and its target genes, GK and lipogenic enzymes (14, 43) . Thus, in ob/ob mice, the high expression of PEPCK and G6Pase can be explained by the reduced expression and phosphorylation of IRS-2. However, because signaling through IRS-1 is not increased in ob/ob mice, it cannot explain the overactivation of glycolytic and lipogenic genes.
ER stress and hepatic steatosis. A number of recent reports have emphasized the link between the ER stress response and hepatic lipid metabolism, mainly through genetic ablation studies. Rutkowski et al. showed that unresolved ER stress - obtained by injecting tunicamycin in mice deficient in specific genes encoding ER stress pathways - induces hepatic lipid accumulation (44), whereas Lee et al. showed that conditional liver XBP-1 disruption is concomitant with decreased hepatic lipogenesis (45) . Oyadomari et al. showed that compromised signaling through translation initiation factor 2α (eIF2α) leads to diminished hepatosteatosis in animals fed a high-fat diet (42) . We propose here that hepatic ER stress is the missing link in explaining the high rate of lipogenesis in obese insulin-resistant rodents. We demonstrated in vitro that ER stress indeed activated the lipogenic pathway by increasing SREBP-1c cleavage and ChREBP nuclear concentrations. A likely explanation for ChREBP activation is that activation of SREBP-1c induces expression of the gene encoding GK. This is a compulsory step for ChREBP activation, since it allows a high flux of glycolysis and generation of the ChREBP-activating metabolite. Inhibition of hepatic ER stress reduced in vivo SREBP-1c and ChREBP activation, which in turn markedly reduced the concomitant steatosis through decreased fatty acid synthesis. Increased fatty acid oxidation could also be a contributing factor by deinhibition of carnitine palmitoyl transferase I through a decrease in malonyl-CoA concentration.
ER stress and cholesterol metabolism. In ob/ob mice, hepatic cholesterol concentration was markedly elevated and was related to increased expression of enzymes involved in cholesterol synthesis and cholesterol uptake via the LDL receptor. This increased expression demonstrated that the SREBP-2 transcription factor is activated. However, it occurred despite cholesterol abundance, which suggests that the usual control of SREBP-2 processing was bypassed. Expression of SREBP-2 and target genes was strongly reduced in vivo by overexpression of GRP78, leading to a large decrease in hepatic cholesterol concentration. Plasma cholesterol was not affected, but this may be explained by decreased cholesterol removal by the liver linked to the lower expression of the LDL receptor. This strongly suggests that ER stress is responsible for SREBP-2 processing and high hepatic cholesterol concentration in the ob/ob mouse liver.
A role for GRP78 in potential mechanisms relating insulin, ER stress, and SREBP-1c processing. Association of ER stress with the activation of SREBPs has been found in several situations: in obese insulinresistant rodents (the present study); in homocysteine-induced
Figure 9
Consequences of GRP78 overexpression on PKB and FoxO phosphorylation and on gluconeogenic enzyme expression in livers of ob/+ and ob/ob mice. Mice were injected with Ad β-gal or Ad GRP78, and livers were collected in the fed state 72 h later. Total liver extracts and mRNA were prepared and analyzed by Western blotting or qRT-PCR. (A) Phosphorylation of PKB on Thr308 and Ser473. Shown are representative blots and quantification of 3 independent injection series (n = 4-5 per group). (B) Total liver extracts were analyzed by Western blotting for phosphorylated and total FoxO1. Also shown is relative expression of PEPCK and G6Pase mRNA. *P < 0.05, **P < 0.01, ***P < 0.001 versus respective ob/+ value; # P < 0.05, ## P < 0.01, ### P < 0.001 versus respective Ad β-gal value.
ER stress (23); in cellular stress (46) ; in alcohol-fed animals (47) ; and in several cell types, including hepatocytes, adipocytes, and mammary cells (48) as well as Hela and CHO cells. The cellular mechanisms linking ER stress to SREBP activation are still not fully understood, but some observations, including our present findings, allow us to raise the hypothesis that the disappearance of Insig-1 protein could be a key step in this process. In CHO-7 cells, ER stress inhibits Insig-1 synthesis, leading to rapid disappearance of the protein linked to its high turnover rate despite high Insig-1 mRNA content (49) . Overexpression of Insig-1 reverses the effect of ER stress on SREBP processing (49) . In murine embryonic fibroblasts, SREBP maturation during ER stress is concomitant with Insig-1 depletion, a process that seems to depend on PERK activity (48) . We found very similar results in the livers of ob/ob mice: absence of Insig-1 protein despite high levels of its mRNA. Interestingly, in these situations, Insig-2 protein was unaffected or even increased, which suggests that Insig-1 could be the major Insig isoform involved in the ER stress-induced cleavage process. However, this is not the sole mechanism involved in the regulation of SREBP processing by ER stress, because overexpression of GRP78 - which strongly reduces SREBP cleavage - is not concomitant with increased expression of Insig proteins. We propose another explanation, initially based on the fact that overexpression of GRP78 both decreases in vitro ER stress- and insulin-induced SREBP-1c cleavage and decreases in vivo SREBP-1c nuclear content in lean mice. Thus, a provocative but logical hypothesis would be that the SREBP-SCAP complex is like other key integral membrane proteins of the UPR associated with GRP78, and, as with the transcription factor ATF6, the export of the complex toward the Golgi requires its dissociation from GRP78 (50) . As shown in Figure 12 , we did observe interaction between the SREBP-1c complex and GRP78. We cannot from this sole experiment distinguish between association of GRP78 with SREBP-1c itself or association with other proteins, such as SCAP. The proposed mechanism for SREBP-SCAP complex sorting into COPII-coated vesicles is that a conformational change of SCAP exposes a specific MELADL sequence on the cytosolic side that then binds to COPII proteins (51, 52) . Cholesterol and oxysterols favor the binding of SCAP to Insig, and this interaction renders the MELADL sequence inaccessible to COPII proteins. It is presently not known how insulin acts on the complex, but it is likely that it also induces a change in the accessibility of the MELADL sequence. One potential scenario is that GRP78 associates with a protein of the SREBP complex and that this association blocks the accessibility of the MELADL sequence. Modification of the conformation of regulatory proteins such as SCAP by insulin, by altered cholesterol concentration, or by ER stress would induce GRP78 dissociation and activate the SREBP complex sorting into COPII vesicles. This would explain why ER stress is able to bypass the usual regulations for SREBP processing and why overexpression of GRP78 inhibited both ER stress and insulin-induced SREBP-1c proteolytic cleavage. GRP78 may therefore be a new regulatory input in the general process of SREBP-1c cleavage, although further studies are required to address this process in detail.
Potential sequence of events leading to triglyceride accumulation. A potential succession of events in obese rodent models (FigFigure 10 Consequences of GRP78 overexpression on insulin sensitivity in awake ob/+ and ob/ob mice. (A-C) Hepatic glucose production (A), glucose utilization (B), and glucose infusion rate (GIR; C) were measured in ob/+ and ob/ob mice treated with Ad β-gal or Ad GRP78 during hyperinsulinemiceuglycemic clamps. *P < 0.05, **P < 0.01, ***P < 0.001 versus respective ob/+ value; # P < 0.05, ## P < 0.01 versus respective Ad β-gal value.
Figure 11
Insig-1 and Insig-2 gene expression and protein content in the livers of ob/+ and ob/ob mice overexpressing GRP78. Mice were injected with Ad β-gal or Ad GRP78, and livers were collected in the fed state 72 h later. Total liver extracts were prepared and analyzed by Western blotting for Insig-1 and Insig-2 protein content. The graph shows relative expression of Insig-1 and Insig-2 mRNA quantified by qRT-PCR. **P < 0.01, ***P < 0.001 versus respective ob/+ value; ## P < 0.01, ### P < 0.001 versus respective Ad β-gal value.
ure 13) could consist of first an abnormally high synthesis of triglycerides in the liver, caused by either excessive insulin-mediated lipogenic rate (e.g., intake of a high-carbohydrate diet in leptin-deficient ob/ob mice) or by excessive hepatic fatty acid uptake (e.g., consumption of a high-fat diet). Because triglyceride synthesis and packaging take place initially in the ER and involve de novo membrane formation, this could be interpreted as a stress situation by this organelle, which then reacts by synthesizing more membranes. Indeed, increased triglyceride synthesis in hepatic cells induces ER stress (53) . Activation of the UPR would then rapidly affect the functional activity or quantity of a key protein (e.g., Insig-1 or GRP78) in the SREBP complex, leading to the release of SREBP-SCAP and proteolytic cleavage in the Golgi apparatus of the mature forms of these transcription factors independent of insulin and cholesterol status. SREBP factors in the liver - but probably also in other cell types - could then be considered as a branch of the UPR, allowing the synthesis of lipids for extra membranes. However, activation of these factors by exacerbating lipogenesis and cholesterol synthesis would perpetuate the initial disequilibrium, leading to a vicious circle. In addition, ER stress would contribute to hepatic insulin resistance by activating the process of IRS serine phosphorylation and decreased IRS-2 expression.
These findings are highly relevant to steatotic syndromes in humans. Activation of lipogenesis in humans with NAFLD has been shown previously (1) , and recently, the UPR was found to be activated to varying degrees in the livers of individuals with NAFLD (54) . Thus, in the livers of obese insulin-resistant rodents, ER stress was responsible for the steatosis and cholesterol anomalies by activating the processing of SREBPs and bypassing their usual regulation. In addition, ER stress modifies IRS expression in a way that contributes to the prevailing insulin resistance. We now have several arguments to consider in support of the fact that, at least in the liver, SREBPs can be considered full partners of the UPR response: (a) they are transmembrane proteins of the ER, activated by various ER stresses in a way similar to ATF6; (b) this activation is repressed, as is done for PERK, IRE1, and ATF6, by GRP78 overexpression; and (c) SREBPs deliver a message to the nucleus that can be considered essential for the expansion of the ER membranes and thus for the functional capacity of the ER.
In conclusion, the results of the present study demonstrated that SREBP-1c proteolytic cleavage induced by insulin and ER stress is inhibited by GRP78 and strongly suggest that GRP78 dissociation from the SREBP-1c-SCAP complex is a mechanism involved in insulin action in lean animals. In obese rodents, the GRP78 dissociation induced by ER stress would lead to SREBP-1c maturation and result in hepatic steatosis.
Methods
Animals. Male ob/+ and ob/ob mice as well as Wistar rats were purchased from Charles River Laboratories and adapted to the environment for 1 wk prior to the study. Lean (fa/+) and obese (fa/fa) Zucker rats were bred in our laboratory. All animals were housed with a 12-h light/12-h dark cycle in a temperature-controlled environment and had free access to water and regular diet (65% carbohydrate, 11% fat, 24% protein). All procedures were approved by the Regional Ethics Committee in animal experiments no. 3 of Ile-de-France (agreement no. p3/2008/029).
Figure 12
In vitro effects of GRP78 overexpression on insulin-induced SREBP-1c cleavage in rat hepatocytes and analysis of SREBP-1c complex and GRP78 interaction in mouse livers. (A) Immunoblot of the IR precursor and IR-β in total lysates of hepatocytes infected for 24 h with Ad GRP78 or Ad β-gal. The blot was hybridized with a GRP78 antibody to verify the overexpression of the transgene. (B) After a 24-h period of infection with Ad GRP78 or Ad β-gal, cultured hepatocytes were changed to a fresh M199 medium containing 10 μM TO-901317 for 6 h, then treated for 1 h with 300 nM thapsigargin or 100 nM insulin. Shown is immunoblot analysis of microsomal SREBP-1c precursor and nuclear SREBP-1c. (C) Microsomal membranes were isolated from the livers of fed ob/+ and ob/ob mice. Detergent-solubilized membranes were subjected to immunoprecipitation with polyclonal H160 anti-SREBP-1 antibody. Immunoprecipitated proteins were probed by Western blot with anti-GRP78 and anti-SREBP-1 or anticalnexin as a nonrelevant microsomal antibody. An aliquot of microsomal proteins before immunoprecipitation from a pooled preparation of ob/+ mice livers was run on the gel in parallel (Input). Control immunoprecipitation with an irrelevant antibody, Glut1, was made on microsomal proteins from a pooled preparation of ob/+ mouse livers. The quantified ratio of GRP78 to SREBP-1 precursor is shown below. ***P < 0.001 versus ob/+.
Injection of Ad GRP78. Male ob/+ and ob/ob mice (8 wk old) were anesthetized with Aerane (Baxter) and injected through the penis vein with 10 8 PFU/g BW of Ad β-gal or Ad GRP78 in a final volume of 250 μl sterile physiological serum. Ad GRP78 was constructed as described previously by Satoh et al. (55) . Adenoviruses were amplified in HEK 293 cells and purified on a cesium chloride gradient.
Hyperinsulinemic-euglycemic clamps. At 8 d before the hyperinsulinemiceuglycemic clamp studies, indwelling catheters were placed into the jugular vein. The mice were allowed to recover for 3-4 d and were injected into the catheter with 10 8 PFU/g BW of Ad β-gal or Ad GRP78. Clamp studies were performed on 5-h fasted mice as previously described (56) 4 d after injection. Briefly, a bolus of insulin (16 mU/kg) and D-( 3 H)3-glucose (5 μCi/kg) were injected, and thereafter insulin was infused at a constant rate of 3.3 mU/min/kg. D-( 3 H)3-glucose was concomitantly infused with insulin at a rate of 30 μCi/kg•min. Blood was sampled by caudal vessels every 15 min to determine blood glucose concentration and to adjust the rate of glucose infusion to maintain blood glucose at its initial basal level in each group. The euglycemic clamp was attained within 60 min and maintained for 30-40 min thereafter. At the end of the clamp, study blood samples were taken in order to determine blood glucose-specific activity, thus allowing calculation of glucose turnover rate and hepatic glucose production by standard equations at equilibrium, as previously described (56) .
Rat hepatocyte isolation, culture, and infection with recombinant adenoviruses. Rat hepatocytes were isolated and cultured as described previously (57) . Hepatocytes were cultured in M199 with Earle's salts (Invitrogen) supplemented with antibiotics and dexamethasone. For the induction of ER stress, hepatocytes were incubated in the presence of thapsigargin (Merck), tunicamycin (Sigma-Aldrich), or DTT (Invitrogen) as detailed in the figure legends. For adenovirus infection, hepatocytes were incubated for 2 h at 37°C in medium M199 with 25 mM glucose and containing Ad GRP78 or Ad β-gal at a titer of 10 PFU/cell.
Isolation of total RNA and quantitative RT-PCR. Total RNA was isolated as described previously (57) . We retro transcribed 1 μg RNA using Superscript II (Invitrogen). Real-time quantitative RT-PCR (qRT-PCR) analyses were performed with 25 ng cDNA and 250 nM sense and antisense primers (Eurogentec) in a final reaction volume of 25 μl by using the qPCR Core Kit (Eurogentec) and the MyiQ real-time PCR detection system (Bio-Rad). Specific primers were designed using Primer Express software (version 1.0; Applied Biosystems) and are shown in Supplemental Table 1 . Relative quantification of each gene was calculated after normalization to 18S ribosomal RNA by using the comparative Ct method. For analysis of XBP-1 mRNA splicing, 200 ng cDNA was amplified with specific primers for the rat XBP-1 gene (forward, 5′-CCATGGGAAGATGTTCTGGG-3′; reverse, 5′-ACACGCTTGGGGATGAATGC-3′). The conditions used for the PCR were described previously (20) . PCR products were separated by electrophoresis on 2.5% agarose gels and visualized by ethidium bromide staining.
Preparation of liver extracts, Western blot analysis, and immunoprecipitation. Microsomal membranes and nuclear extracts from mouse livers and hepatocytes were isolated as previously described (6, 58) . Total lysates from mouse livers were prepared by homogenizing 20-50 mg tissue in 300 μl lysis buffer (50 mM Tris, pH 7.4; 0.27 M sucrose; 1 mM Na3VO4; 1 mM EDTA; 1 mM EGTA; 10 mM β-glycerophosphate; 50 mM NaF; 5 mM tetrasodium pyrophosphate; 0.1% [v/v] β-mercaptoethanol; 1% [v/v] Triton X-100; and 1 mM phenylmethylsulfonylfluoride) supplemented with a cocktail of protease inhibitors (Roche).
Proteins were separated electrophoretically by SDS-PAGE and transferred to a nitrocellulose membrane (GE Healthcare). The membranes were hybridized with the following antibodies: SREBP-1 (clone 2A4; Thermo Scientific), ATF6 (Imgenex), ChREBP (Novus Biological), XBP-1 (Prosci), and GRP78 and Insig-1 (Santa Cruz Biotechnology Inc.). The antibody against Insig-2 was developed as described previously (6) . Phospho-PKB (Thr308/Ser473), PKB, phospho-FoxO1, FoxO1, phospho-JNK (Thr183/Tyr185), and JNK were purchased from Cell Signaling Technology. Phospho-Tyr-HRP antibody was a kind gift of J. Cherfils (INSERM, UMR-S 872, Centre de Recherche des Cordeliers, Paris, France). IRS-2, phospho-IRS-1 (Tyr612), phospho-IRS-1 (Ser307), IRS-1, and anti-PI3K p85 were obtained from Upstate. Mouse lamin A/C antibody was used as a loading control for nuclear proteins, and calnexin was used as a nonrelevant microsomal antibody (BD Biosciences). The IR-β antibody and the anti-phosphotyrosine HRP were obtained from Santa Cruz Biotechnology Inc. Immunoprecipitating anti-SREBP-1 polyclonal antibody (H-160) and anti-Glut1 polyclonal antibody (H-43) were obtained from Santa Cruz Biotechnology Inc.
For immunoprecipitation of IRS-1 and IRS-2, 500 μg of liver extracts were incubated with specific antibodies against IRS-1 or IRS-2 overnight at 4°C. Protein A sepharose beads (Sigma-Aldrich) were added, followed by incubation for 4 h at 4°C. After washing 3 times with lysis buffer, the immunocomplexes were resolved on 7% SDS-PAGE. Phosphorylated or total protein was analyzed by immunoblotting with specific antibodies against phosphotyrosine, IRS-1, IRS-2, and anti-PI3K p85.
SREBP-1 and GRP78 coimmunoprecipitation. Microsomal membrane proteins (1 mg) were solubilized for 2 h at 4°C on a rotating wheel in 50 mM HEPES buffer (pH 7.6), 100 mM NaCl, 1.5 mM MgCl2, 1% (w/v) 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate, and protease inhibitors (phenylmethylsulfonylfluoride, aprotinin, and leupeptin). Aggregates were removed by centrifugation at 16,000 g for 10 min. The supernatant was precleared by rotating incubation for 1 h with 40 μl protein G sepharose beads (Sigma-Aldrich). Soluble proteins
Figure 13
Model illustrating how an initial ER stress linked to a high triglyceride synthesis rate in the liver could induce SREBP-1c cleavage and insulin resistance and initiate a vicious circle leading to steatosis and dyslipidemia.
were immunoprecipitated for 16 h at 4°C with 10 μl of the polyclonal anti-SREBP-1 or anti-Glut1 antibody (irrelevant antibody) bound to 40 μl protein G sepharose and washed 3 times in solubilization buffer. Bound proteins were resolved by 10% SDS-PAGE under reducing conditions and transferred to nitrocellulose membranes. Blots were incubated with anti-SREBP-1, anti-GRP78, or anti-calnexin.
Histological analysis. For H&E (Sigma-Aldrich), liver tissues were fixed in 10% neutral-buffered formalin, embedded in paraffin, and cut into 7-μm sections. For Oil red O (Sigma-Aldrich), liver was frozen in liquid nitrogen and cut into 10-μm sections. Sections were stained and analyzed at ×20 magnification using a Leica DMRB microscope.
Analytical procedures. Serum concentrations of aspartate aminotransferase, alanine aminotransferase, triglycerides, and cholesterol were determined using commercial kits (Randox Laboratories).
Statistics. Results are expressed as mean ± SEM. Statistical significance was assessed using 2-way ANOVA. A P value less than 0.05 was considered significant.
